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ABSTRACT 
In design and development, products are often tested for improvement. Often 
measurements are taken but correlating these measurements to the physical phenomena 
present in the system can be a difficult task. Accurately attributing the measured data to the 
physical systems present in a system is imperative to design and development. 
In the case of an automotive supercharger, the design goal was a quieter and more 
efficient supercharger. Pressure measurements where taken at various points in the 
supercharger. First the data was placed in an animation of the supercharger, to get a "big 
picture" view of the system. Then, frequency analysis was performed on the measured 
pressure data and the frequency components where linked to the measured pressure. An 
equation for the airflow through the backflow slots in the supercharger was developed as a 
function of pressure, time, and initial temperature. Finally, predictive models where 
developed the flowrate through the backflow slots as a function of the supercharger's 
rotational rate (rpm) and the angle of the rotors within the supercharger. 
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1 INTRODUCTION 
The purpose of this thesis is to show the development of data analysis tools used to 
understand and predict pressure phenomena in a supercharger. These tools were designed for 
use by engineers at the Supercharger Division of Eaton Corporation. Ongoing interaction 
with these engineers over the course of the research ensured that the designed tools met their 
needs. Included in designing these tools was the task of processing test data and analyzing it 
to see what tools needed to be developed. This thesis concludes, then, with a preliminary 
version of a predictive pressure model for the supercharger. This model along with the other 
design tools are to be used by Eaton engineers in future supercharger design. 
1.1 The Supercharger 
A supercharger is a positive displacement pump, whose primary application is 
increasing air pressure at the air intake in automobile engines. The increase in air pressure at 
the air intake increases airflow to the engine, improving engine performance. For car engines 
with displacements of 2.0 liters to 5.0 liters, engine performance is increased by 5 to 50 
horsepower depending on the specific engine and supercharger conditions (Eaton 
Automotive- Superchargers). The supercharger is belt-driven from the crankshaft, so the 
rotation rate at which the supercharger runs is directly related to the rotation rate at which the 
engine is running. The supercharger is placed in front of the air intake on an engine. Within 
the supercharger, a bypass valve allows air to travel directly to the engines air intake, 
bypassing the "compressor" part of the supercharger. By controlling how much air flows 
through the bypass valve, the air pressure at the air intake can be regulated separately from 
the supercharger rotation rate. The ratio of the air pressure at the intake of the engine to the 
air pressure of the air entering the supercharger is referred to as the "pressure ratio" and is 
controlled by the bypass valve. Figure 1-1 is a crude diagram of airflow through the 
supercharger and into the engine. 
Air 
Figure 1-1 
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Diagram of airflow through the supercharger and into an engine. 
The "compressor" part of the supercharger is similar to a Roots blower (Eaton 
Automotive -- Superchargers), except the rotors have been twisted 60 degrees over their 
length. This twisted helix rotor design allows air to enter axially, and, therefore, gives the 
supercharger more flexibility in its positioning on an engine block. A general picture of the 
supercharger housing in Figure 1-2 notes some key features of the supercharger housing. 
The outlet port and the backflow slots will both be especially important features to the 
discussion throughout this document. 
Although not shown in the Figure 1-2, the rotors are also an important feature to the 
supercharger. The two rotors spin in opposite directions. Each rotor has three lobes, 
sometimes referred to as blades. As mentioned, these rotors are twisted by 60 degrees over 
their length, and they intermesh as they spin. The rotors are spun at speeds of up to 16000 
rpm. 
Consider the supercharger from the perspective of the air flowing through it. Air first 
flows into the supercharger through the intake denoted in Figure 1-2 by the description "Air 
enters the supercharger". When the bypass is closed, this air then flows into the rotor cavity. 
The place where the air enters the rotor cavity will be referred to as the "inlet". After 
interlocking, the rotors continue to spin and begin to spread apart, creating a chamber 
between two successive blades on each rotor. Air from the inlet fills these chambers and is 
transported around the axis of the rotor to the opposite side of the cavity, where the outlet 
port is located. This volume that is transported is known as the "transport volume" and the 
space it occupies between the two rotors will be referred to as the "chamber". The transport 
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volume is then forced to mix with the air in the outlet area, as it is displaced by the rotor 
blade from the opposite-side rotor. The cycle starts over and repeats itself. It is in this way 
that the pressure is built up in the outlet area. 
Figure 1-2 
superchar2er 
Supercharger housing without the rotors. Air that leaves the outlet port is 
allowed to join air that has bypassed the rotors. (Figure modified from 
Ramamurthy (2001)) 
1.2 Problem Description 
The supercharger produces more noise than is acceptable in some applications. For 
high-end auto-manufacturers, such as Mercedes-Benz, supercharger induced noise levels are 
a major consideration. Eaton Corporation wants supercharger produced noise levels to be 
reduced, not just through external damping but through altering the internal interactions that 
create the noise. The goal of this research, therefore, is to develop data analysis tools Eaton 
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engineers can use to identify specific noise-causing pressure phenomena and correlate the 
noise-causing pressure phenomena to the physical systems that create the phenomena. 
The undesirable noise levels are created as the rotational speed of the rotors in the 
supercharger increase and the "compression" process described above becomes rather violent 
in an airflow sense. Noise constraints are a prominent concern for Eaton because many 
clients have extremely stringent noise requirements. Designing a supercharger that runs 
quietly is important for the continued success of the Eaton supercharger. Also, generating 
noise requires energy. Sometimes finding a noise solution frees up the energy used to 
produce the noise and allows that energy to be applied positively to the system, making the 
quieted device perform more efficiently. 
Eaton had performed pressure tests on the supercharger at their facilities. Results 
from these tests were supplied to Iowa State University for analysis purposes, and this data 
has served as the primary basis for the research described in this thesis. The test data 
supplied for analysis was taken for a number of different conditions. 
Each test was run at a near constant rotational speed. Four different speeds where 
tested: 4000 rpm, 8000 rpm, 12000 rpm, and 16000 rpm. This rotational speed is the speed 
at which the supercharger is driven and it is the speed that each individual rotor spins. The 
second test variable is the pressure ratio. The pressure ratio is the ratio of the pressure of the 
air as it enters the supercharger to the pressure of the air in the outlet area. The pressure ratio 
is controlled by the bypass valve, as discussed in Section 1.1. When the bypass valve is open 
all the way the pressure ratio is about a 1 to 1 ratio. This condition is called the "minimum" 
pressure ratio. Test data exists for pressure ratios of minimum, 1.4 and 1.8. The third test 
condition was the number ofbackflow slots on the supercharger. The supercharger shown in 
Figure 1-2 is a double backflow supercharger, noted by two backflow slots on each side of 
the outlet port. A single backflow supercharger has only one backflow slot on each side. 
Data was taken for both single and double backflow supercharger models. The specific 
model of supercharger used for the test was model number M2 71. In total, data was 
available for 23 different cases, because data from one case was not usable. (The data for the 
double backflow supercharger with a rotational speed of 4000 rpm at minimum pressure ratio 
was determined unusable.) 
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In the tests described above, pressure measurements where taken using eight Kulite 
pressure transducers. Small holes where drilled in the supercharger housing and the 
transducers where sealed in these holes. The location of the pressure transducers on the 
supercharger are shown in Figure 1-3. Figure 1-4 shows how the pressure probes where 
mounted within the housing walls. 
Probe 3 
Probe4 
. 
. "':if 
Probe 6 
Probe I 
SCAl.t J.Olt 
Probe 2 
Probe 5 
Probe 7 
Probe 8 
Figure 1-3 Kulite pressure transducer locations. (Figure modified from Ramamurthy 
(2001)). 
Probe Tip 
llTAlL A 
$CAL£ a.too 
Figure 1-4 Test probe location with in the supercharger housing. 
Fluid 
Domain 
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Probes 1 and 2 where placed near the outlet. Pressure probes 3 through 8 are located 
in pairs along the 60 degree twist in the rotor. Note the dotted lines in Figure 1-3 labeled 
(A), (B), and (C). Probe 3 is paired with probe 5 (A); probe 4 is paired with probe 7 (B), and 
probe 6 is paired with probe 8 (C). Therefore, the blade will pass both sensors in each pair at 
the same instant. This was done so that comparisons could be made between different points 
within the chamber at similar positions relative to the blades. 
1.3 Previous Work 
In the spring of 2001, Eaton Corporation contacted Iowa State University in regards 
to its supercharger. The project was organized through Dr. J. Adin Mann, a faculty member 
of the department of Aerospace Engineering and Engineering Mechanic. The first student to 
work on the supercharger project at Iowa State was LeAnn Fadley. She wrote preliminary 
analysis programs to condition the data sent by Eaton Corporation, and she developed the 
first version of the animation discussed in Chapter 2 of this thesis. LeAnn Fadley left Iowa 
State University in August of 2001, and Nathanael Meyer, the author of this thesis, joined the 
project in August of 2001. It is his research that will be presented in this thesis. 
1.4 Relevancy of the Results 
Compared to many fields, superchargers are a rather small industry. Still the results 
of this study are pertinent to more than just the supercharger industry. The tools developed 
in this study could be applied to pressure signals taken from any system with cyclical airflow. 
Some assumptions may have to be modified, but the general techniques would be quite 
similar. Since a supercharger is essentially a compressor or a blower, this study's results 
could be applied to some cases that involve compressors or blowers. In addition, the mass 
flowrate equation derived in Chapter 4 could be applied or re-derived for various similar 
problems. Thus the relevance of this research extends beyond just the supercharger field into 
numerous other fields containing similar types of problems. 
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1.5 Topics in this Thesis 
The general content of this thesis will include the four main areas of research and a 
section discussing the direction of future work. For each of the four areas, the tools 
developed for that area will be presented along with the research done to develop the tools. 
Chapter 2 will discuss the supercharger animation and methods of plotting pressure. Chapter 
3 will focus on applying Fourier analyses to the supercharger data to correlate frequency 
information to the pressure time signal. Chapter 4 will introduce a method for calculating the 
mass flowrate through the backflow slots and present some flowrate data for specific 
conditions. Chapter 5 will present a preliminary predictive model for the pressure during the 
time the chamber is open to the backflow slots but not open to the outlet port. Finally, 
chapter 6 will summarize the tools presented in chapters 2 through 5 and will propose the 
next steps for future work on this supercharger project. 
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2 VISUALIZATIONS 
In studying physical phenomena, it is often useful to represent raw data in a visual 
manner. Frequently this is done through charts and plots. In the case of this supercharger, 
pressure data needed to be correlated to positional information of the rotors and the rotor 
housing. Creating an animation that graphically modeled the supercharger rotors and rotor 
housing helped link the pressure data back to the physical systems that created it. A second 
type of visualization plotted the pressure data verses both time and rotor angle. Although 
much easier to create than an animation, analysis from these plots helped identify important 
phenomena. 
2.1 Developing the Animation 
The goal of developing the animation is to help link the pressure data to the specific 
physical phenomena that create it. Because of the complexity of the rotor's geometry, a 
highly detailed representation is difficult to create. If a simplified model is created, one must 
consider what information should be included in the simplified animation. Should the 
animation include all the detail possible or should it only include enough detail to let major 
phenomena causing events be observed? Furthermore, how does one determine what details 
will show the major phenomena and what details are "extra"? 
As stated in chapter one, the supercharger is a relatively simple mechanical device 
from the perspective of airflow. The air that flows through the supercharger only sees 2 
moving parts, the rotors. Aside from the two rotors, the gears that drive these rotors, and the 
belt that drives the gears, the supercharger is a static device. Therefore, when creating the 
animation, the rotors emerge as the most important phenomena producing element of the 
supercharger. Including merely the rotors, however, is not enough. Because the rotors 
interact with the surrounding elements, it is also important to add the surrounding static 
structure, so the features in the measured pressure can be identified and related to specific 
interactions between the rotors and the surrounding structure. The static elements that should 
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be added are the inlet opening, the exhaust opening, the backflow slots, and the rotor 
housing. 
2.1.1 Modeling the rotors and the surrounding element 
Detailed CAD drawings of all the supercharger parts were accessible, however these 
drawings could not be converted into Matlab with the software that was available for the 
project. So a simpler representation was chosen. 
The rotors where modeled as 3 rectangles, each connected along one side, creating a 
central axis. The three-rectangle-rotor is then modified by twisting the points at one end by 
sixty degrees around the central axis. Figure 2-1 shows an example of one of the rotors. 
Figure 2-1 (a) shows the three rectangles connected at a center axis with out any end rotation. 
In Figure 2-1 (b) the sixty degree twist has been added. In both (a) and (b) the thick black 
line represents the front of the rotor and the dashed black line represents the back end of the 
rotor. Note the thick black line is in the same angular position in both (a) and (b), but the 
dashed black line has been rotated by sixty degrees clockwise in (b ). 
Figure 2-1 Modeled rotor is three rectangles with a 60° twist. (a) shows rotor 
before twist, (b) shows rotor with twist. 
Although this technique is quite simple it was determined to be adequate because the 
interaction of the rotor with the surrounding static elements are accurately represented. One 
can see when the edge of the rotor blade passes the backflow slot and opens to the exhaust 
port. One benefit of the rotor's simple geometric representation is the ability to see its 
interaction with the surrounding static structure from most viewing angles. If the structure 
where represented in a more complex manner, then multiple views of the animation would be 
necessary to see the same interactions that can be seen from just one view on the animation 
with the simple rotor representation. 
The housing was created by taking a cylinder, cutting it in half and separating each 
arced portion, and inserting rectangles on each side to make an elongated oval. The 
backflow slots were created similarly, by taking a circle, cutting it in half and extending the 
center section to create more of an oval shape. The backflow slots and the rotor housing 
were sized to scale from the CAD drawings and measurements of the supercharger. The 
housing walls were given no thickness. By simplifying the model for the supercharger, all 
the major physical events could be seen from one view of the supercharger animation. A 
second advantage to this simplified representation is the saving of computational time and 
disc space. When graphics are generated, multiple points have to be used. By simplifying 
the representations of both the rotors and the housing, the computational time for generating 
an animation and the space required to store the animations were minimized. 
2.1.2 Applying the Pressure to the Animation 
Adding the pressure data to this animation was the final key to developing an 
animation that linked pressure data to the physical phenomena. Pressure data had been taken 
at several known locations by placing pressure transducers in holes drilled in the 
supercharger housing. Each pressure sensor's data is modeled on the supercharger animation 
by a sphere whose radius expands with an increase in pressure and contracts with a decrease 
in pressure. Also, the spheres change color as they expand and contract. The initial pressure 
data that was used was AC coupled and, therefore, not at absolute pressure. So, for that data, 
negative pressures are shown by the sphere's shading being shades of blue and green, where 
as positive pressures are shown by the sphere's shading being shades of red and yellow. In 
addition to the spheres, the pressure at each transducer was plotted with respect to angle 
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along the side of the animation. By allowing a moving indicator to pass along the pressure 
plots, the current angle is indicated on the animation, and the pressure for any transducer can 
be graphically monitored by looking at the spheres or the plots. 
C: 
1/ -
·eating C 
Figure 2-2 Supercharger animation, with specific features highlighted 
2.2 Observations from the Animation 
From the supercharger animation some basic events can be seen. First, the animation 
is useful for visually associating data with the physical unit. By observing the spheres as the 
edge of the rotor passes by, one can see the interaction between the pressure inside the 
supercharger and the rotors. The spheres show that before the rotor passes a sensor location, 
the pressure climbs to some higher pressure and then drops as the blade passes and the sensor 
is exposed to the air behind the rotor. Second, the plots of pressure versus angle on the side 
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of the animation window allow the user to view the raw data while seeing the animation. 
Again, the ability to correlate data with a real physical model is important to know where to 
direct future testing. Here in lies the animation's greatest strength, directing future analysis 
and tools. 
One such example is the flowrate through the backflow slots. During development, it 
was noted that the pressure plots on the side of the animation show that the pressure seems to 
rise to an even distribution and then stay steady for 30 degrees. This did not agree with the 
assumption that the pressure rise was from an enclosed volume being axially accelerated, 
because the pressure rose at sensors 3 through 8 at the same angular position. By looking at 
the animation it could be seen that the pressure rise started after the blades passed the 
backflow slots. Noting that the air above the backflow slots was at a higher pressure than the 
air inside the volume, it became apparent that the pressure rise was not primarily due to axial 
acceleration of the air but rather flow from the exhaust area into the chamber through the 
backflow slots. By looking at the animation this phenomena in the data was correlated to the 
physical system that created it and future study was directed to understanding the flowrate 
through the backflow slots. (See Chapter 4 and 5 for flowrate analysis.) 
2.3 Pressure vs. Time or Pressure vs. Angle 
The pressure plots along the side of the animation proved to be helpful in 
understanding the systems at work in the supercharger. But they also brought up a question 
as to the best way to plot the pressure. Should the pressure be plotted with respect to angle or 
time? 
A difficulty in analyzing a system such as is present in a supercharger, is the 
dependence of pressure events on both the position of the rotors and the time between these 
events. When the pressure data is plotted with respect to rotor angle, one may note that there 
is a pressure pulse immediately following a given angle (e.g. 37 degrees). However, if the 
pressure pulse that travels inside the supercharger is assumed to travel like a plane wave, the 
pressure, P, at a given point, (x, y, z) is a function of both position (x, y, z) and time, t. 
Therefore, it is important to plot pressure versus time as well as pressure versus rotor angle. 
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Both plots can help to indicate the initiating systems better. In this particular case a simple 
plotting routine was developed to plot pressure with respect to both time and rotor angle. 
Consider that the time for a blade traveling at 4000 rpm and 8000 rpm, to move 
through a rotational angle of 30 degrees is .00125 sec and .000625 sec, respectively. 
Comparing these shows that in .00125 sec, the rotor turning at 4000 rpm rotates 30 degrees, 
and a rotor turning at 8000 rpm rotates 60 degrees. To better understand the importance of 
these two plotting schemes, an example is given. 
Figure 2-3 is a plot of pressure verses angle for sensor 6 at four different rotational 
speeds, 4000 rpm, 8000 rpm, 12000 rpm, and 16000 rpm. The same major pressure events 
appear in all four; however, the specific smaller pressure variations are quite different at each 
speed. 
The dashed vertical line in Figure 2-3 indicates the angle when the supercharger 
housing is opened to the inlet and air fills the chamber. Immediately following this vertical 
line there is a pressure pulse at the 12000 rpm speed and at the 16000 rpm speed, highlighted 
by the heavy black circle. These pressure pulses peak at 280 degrees for 12000 rpm and at 
300 degrees for 16000 rpm. When plotted with respect to angle, the pulse at 12000 rpm does 
not necessarily appear to be caused by the same phenomena as the pulse at 16000 rpm, 
because the two pulses happen at different rotor angles. 
Figure 2-4 shows the pressure plotted with respect to time for sensor 6 at 4000 rpm, 
8000 rpm, 12000 rpm, and 16000 rpm. Zero time is set to 280 degrees, the instant at which 
the chamber is opened to the supercharger inlet, then the pressure data before and after this 
zero point are plotted with respect to time. When plotted with respect to time the pressure 
pulses in the 12000 rpm and 16000 rpm data observed immediately after the chamber is 
opened to the inlet happen at nearly the same time, indicating that both pulses are a induced 
by the same initiating events. (These pulses are highlighted by the heavy black circle in 
Figure 2-4.) 
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·to the inl 
- 16000rpm 
- 12000rpm 
- 8000 rpm 
- 4000 rpm 
Figure 2-3 Pressure versus angle for sensor 6 at 4000 rpm, 8000rpm, 12000 rpm, and 
16000 rpm (Data is taken from a double backflow model supercharger, with 
pressure ratio of 1.8.) 
The plot of pressure with respect to time indicates that at 12000 rpm and 16000 rpm a 
pulse is generated when the chamber is opened to the inlet. This pulse then travels inside the 
supercharger housing to the sensor. The time for this pulse to reach the sensor is the same at 
both 12000 rpm and 16000 rpm, indicating that the pulse is generated by the same initiating 
systems. Knowing that this pulse is generated by the same phenomena allows noise solutions 
to focus on removing one system acting at two different speeds. If these pulses at the 12000 
rpm and 16000 rpm could not be correlated to each other, then noise solutions would be 
needed for two different initiating systems. Plotting the pressure with respect to angle and 
with respect to time is important to understanding the pressure phenomena at work within the 
supercharger. 
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Figure 2-4 Pressure plotted verses time for sensor 6 at 4000 rpm, 8000 rpm, 12000 rpm, 
and 16000 rpm with zero time set to be when the chamber is opened to the 
backflow slots. (Data is taken from a double backflow model supercharger, 
with pressure ratio of 1.8.) 
2.4 The Next Step 
Through the animations and pressure plots, multiple important phenomena were noticed. 
The animation and pressure plots, although not an end in themselves are 
important tools to help understand the correlation between the pressure data 
and the physical phenomena in the supercharger. They had not answered a lot 
of questions, but they had pointed towards paths that would lead to answers. 
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3 FREQUENCY ANALYSIS 
Another tool used to better understand the noise phenomena in the supercharger is 
frequency analysis, because the noise that the supercharger emits is dominated by specific 
tones. Tone dominated noise is common in devices that have rotating parts because with 
rotating parts the noise causing phenomena will occur periodically, related to the rotation rate 
of the parts. Studying the dominant tones, or frequencies, in the supercharger is important to 
determining noise sources and quieting solutions. By applying a Fourier transform to the 
pressure signals, the frequency components of the signals can be extracted. Then these 
specific frequencies can be associated with events in the time signal. It was to this end that 
the following tools were built. 
3.1 Frequency Spectra (Fourier Transform) 
The first step to frequency analysis is getting an accurate representation of the 
frequency spectrum. The frequency spectrum is calculated through taking the Fourier 
transform of the pressure signal. The equation for calculating the Fourier coefficients, an, for 
an input, x(t), is given as: 
where 
2tr 
OJ=-
0 T 
(3-1) 
(3-2) 
and Tis the period of the periodic signal x(t) andj is the square root of -1. Now, ifwe define 
angular position as 
2tr 
OJ=nw =n-
o T (3-3) 
then we can write the coefficient equations in terms of angular frequency, co, and the Fourier 
coefficients in terms of ro as 
(3-4) 
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Equation 3-4 can be extended this equation to aperiodic signals as: 
"' 
X (jm) = J x(t)e_ 1.,'dt (3-5) 
(Oppenheim, et. al. 288). When a computer is used to calculate a Fourier Transform, a 
discretized version of equation 3-5 is used and the integral is performed over finite time 
limits. In this case the Matlab command "fft" was used to calculate the Fourier coefficients. 
The discretized equation Matlab uses is 
N 
X(k) = L x(i)e<-J21rXi-1Xk-t)tN (3-6) 
i=I 
wherej=H. 
3. 1.1 Inverse Fourier Transform 
As a part of the frequency analysis tools, it was necessary to calculate a time signal 
from a frequency spectrum. In these cases an inverse Fourier transform was used. 
The equation for calculating the time signal from the Fourier coefficients is as follows: 
1 co . 
x(t)=- fX(jco)e 111Jfdco. 
21t -co 
This descretized version of equation 3-8 that Matlab uses is 
, ..
x(k) = _1 L x(i)eu21r>1.;-1xk-1J1N 
N i=I 
wherej=H. 
3.1.2 Choosing Points/or a Frequency Spectrum 
(3-7) 
(3-8) 
The resolution of a calculated frequency spectrum is determined by the number of points 
used to calculate the spectrum and the sampling rate. (Regularly, frequency spectra are 
calculated from 512 or 1024 points, since the fft algorithm is most efficient when the number 
of points is a power of2.) The data files being used in this application have over 6000 points 
and a few hundred revolutions. It is neither efficient nor necessary to use all 6000 data 
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points in determining the frequency spectrum. Again the issues of computation time and file 
size are encountered. Work was done to determine the number of points that should be 
chosen to get the most accurate spectrum. 
Frequently with data analysis the period of a pressure signal is not know, so the 
frequency spectrum is calculated over an arbitrary number of points. However, this is not 
the optimal way to calculate a frequency spectrum because, as equation 3-4 shows, the 
frequency spectrum ideally is calculated using the period of the signal. In the case of the 
supercharger, the data demonstrated a clear periodicity of 120 degrees. Since the period was 
known, a test was performed to see if using the period of the signal in calculating the Fourier 
coefficients made any difference in the resulting frequency spectrum. For the same pressure 
signal, two Fourier transforms were performed, one on an arbitrary number of points ( e.g. 
1500) and the second on the number of points from exactly 10 passings of a rotor blade. 
Typical resulting spectra are in Figure 3-1. The y axis in these plots is in decibels, where the 
pressure is compared to a reference Pressure of 20 mPa. 
The main difference between these two spectra is in the frequencies below 10 kHz. 
Both plots show that the signals are dominated by tones however Figure 3-1 (A) also shows a 
signal which appears to have significant broadband noise in addition to the outstanding 
tones. However, Figure 3-1 (B) shows a much lower broadband noise level and the tones 
dominate the spectra. Usually when a frequency spectrum looks like Figure 3-1 (A), this 
indicates significant randomness in addition to the tone noise. In the case of the 
supercharger, this randomness could be an indicator of turbulent flow through the 
supercharger. The turbulent flow would be difficult to predict. But the strong tones in the 
frequency spectrum in Figure 3-l(B) indicate a noise source related to the rotation of the 
rotors, typically at specific positions of the rotor. With further information about the noise 
source it appears possible to model the noise source then reduce the noise coming from this 
source and so achieve a noise solution. 
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As noted above in the equations for calculating the Fourier coefficients, the integral 
(approximated by a sum) for calculating the Fourier coefficients is taken over a period, T, of 
the signal. When we look at a pressure signal from the supercharger (Figure 3-2), we note 
that there does appear to be a distinct period that the pressure signal follows. This period is 
120 degrees (the angle needed for one blade to complete a cycle) which can be correlated to 
the time domain if the angular speed is known or can be directly calculated from the time 
data taken with the pressure data. We may also note that the Matlab discretized equation 
assumes that the period is the length of the data that is input to the "fft" command. So, the 
more accurate of the two spectra is the one taken over an exact multiple of a period, because 
it more closely resembles the correct conditions for calculating the Fourier coefficients. To 
get more resolution in the frequency spectrum, the Fourier transform is taken over a multiple 
of a period and not over just one period, despite the addition of computational time and file 
size. 
The Fourier transform is taken over multiple periods is to get a higher resolution for 
the Frequency spectrum. The pressure data for the supercharger spinning at 16000 rpm, with 
a sampling rate of 48 kHz, gives only 30 data points per cycle. Considering that only half of 
the points in a frequency spectrum are a mirror image of the other half, this leaves a 
frequency spectrum from 0 to 24 kHz to be represented by only 15 points, a very poor 
resolution. However, by using 10 cycles, the number of points is increased to 150, a much 
better resolution. Therefore, for increased resolution and accurate frequency spectra, 
frequency spectra shown from here forward in this thesis were calculated from whole number 
multiples of the period. 
3.2 Modifying Time Signals and Frequency Spectra 
To correlate frequency to pressure two tools were designed that allowed changes to be 
made in either the frequency spectrum or the pressure signal and the resulting change was 
then made in the other. For example, if the frequency spectrum had a peak at between 90 Hz 
and 110 Hz, the user could choose to flatten this peak out, then calculate a modified pressure 
signal, using an inverse Fourier transform. 
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3.2.1 Removing Peaks in the Pressure Signal 
The first tool created focused on the pressure signal. An example of a typical 
pressure signal for Sensor 6 at 16000 rpm with a pressure ratio of 1.8 can be seen in Figure 
3-2. 
One 'Blade Passage 
Figure 3-2 Plot data is from a pressure signal for sensor 6 in a double backflow 
supercharger at 16000 rpm with a pressure ratio of 1.8. 
In this particular pressure signal there appear to be 3 specific peaks in each passing of the 
blade. These three separate peaks are noted in Figure 3-2 as A, B, and C. Peak A, is thin but 
tall. Peak B is wider but has a lower amplitude than peak A. Peak C has a lower amplitude 
than both -peaks A and B, but is wider than peak A and narrower than Peak B. Figure 3-3 
shows a frequency spectrum for the pressure signal plotted in Figure 3-2. 
Figure 3-3 
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Harmomcs 
Frequency Spectrum for Sensor 6 (Data taken from Sensor 6 on a double 
back.flow supercharger at 16000 rpm and a pressure ratio of 1.8.) 
In the above Frequency Spectrum there is a clear harmonic structure with a fundamental. 
The fundamental frequency is very close to 800 Hz with harmonics being whole number 
multiples of the fundamental. To calculate the fundamental frequency the rotational rate in 
revlolutions per minute is divided by 60 seconds to get revolutions per second. Then, 
multiply by the number of blades, in this case three, to determine the rate at which a blade 
will pass a point. With the rotation rate of 16000 rpm this analysis would predict a 
fundametnal of 800 Hz matching the frequency spectrum. 
To discover how peak A in the pressure signal (Figure 3-2) affects the frequency 
spectrum in Figure 3-3, the pressure signal is altered to get a new pressure signal without 
peak A and then the frequency spectra is recalculated from altered the pressure signal. The 
pressure signal altered to be rid of peak A can be seen in Figure 3-4. 
Figure 3-4 
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0.126 
Time (seconds) 
Altered Pressure Signal for Sensor 6. (Data adapted from double backflow, 
1.8 pressure ration, 16000 rpm.) 
After this subtraction of the peaks from a signal we get three different possible pressure 
signals: the original signal (Figure 3-2), the signal minus the selected peaks (solid line in 
Figure 3-4), and a signal that is just the subtracted peaks (solid line in Figure 3-5). 
Figure 3-5 show the peaks that were subtracted in the black with the original pressure 
signal as a dashed gray signal in background. If the signals in Figure 3-4 and Figure 3-5 
were added they would sum to the pressure signal in Figure 3-2. What this allows is the 
frequency spectrum to be calculated for the peaks and the for the signal with out the peaks. 
The resulting frequency spectra can be compared to see which peaks contribute most to over 
all noise and, therefore, to direct further study so that time is not wasted providing solutions 
for pressure elements that do not strongly contribute to the over all noise. 
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Figure 3-5 
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· - 0.125 0.126 - 0.127 0.128 
Time (seconds) 
Subtracted pressure signal for sensor 6 plotted over the original pressure 
signal for sensor 6. (Data adapted from double backflow, 1.8 pressure ratio, 
16000 rpm). 
Calculating the frequency spectra of the pressure signals in Figure 3-4 and Figure 3-5 
to frequency spectra and comparing them to the frequency spectrum of the original signal in 
Figure 3-3, will begin to show the importance of the removed peak to the over all sound 
pressure level. Figure 3-6 (A) shows that the frequency response of the pressure signal 
without peak A (in Figure 3-2) has distinctly lower sound pressure levels than the complete 
signal. In contrast, Figure 3-6 (B) shows that the signal of just peak A (from Figure 3-2 
again) has peaks that are higher than the complete signal. Overall, the frequency spectrum 
for the complete signal is dominated by the influence of peak A. Therefore, noise solutions 
for the supercharger should concentrate first on reducing peak A, before the other smaller 
peaks (peak Band C in Figure 3-2) are addressed. 
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3.2.2 Removing Peaks in the Frequency Spectrum 
The second tool designed allows the user to subtract a peak or multiple peaks from 
the frequency spectrum and see the resulting changes in the pressure signal. This tool could 
be especially useful if there is a specific frequency that needs to be quieted. By lowering the 
level of these frequencies in the frequency domain and taking an inverse Fourier transform 
the part or parts of the pressure signal that directly cause this raise in the frequency spectrum 
can be identified. The physical phenomena associated with the specific pressure incident 
could then be directly addressed. Before examples are considered, first consider the 
computation method for a modified signal and it's inverse Fourier transform. 
3.2.2.1 A Further Note on Calculating the Inverse Fourier Transform 
One important thing to keep in mind when doing computational work with Fourier 
coefficients is that they are usually complex numbers. Therefore, when plotting the Fourier 
coefficients (a frequency spectrum) the magnitude of the each coefficient is plotted on a 
decibel scale. Doing this computation, moving from the time domain to the frequency 
domain, is very straight forward. However, for the second tool, when the Fourier coefficients 
are modified and an inverse Fourier transform is calculated, more care must be taken to 
assure that the imaginary parts of the Fourier coefficients are properly handled. 
If the magnitude of all the Fourier coefficients for a given transform were plotted, the 
result would be a plot whose left half exactly mirrored its right half Therefore, it is common 
practice to only plot the left half of the coefficients. This mirroring reflects the fact that the 
right hand side coefficients are exactly conjugates of the left hand side. When modifying the 
frequency spectrum, it is important to preserve this conjugate character of the coefficients. 
The method which the code uses to modify the frequency spectrum should be considered. 
First, a frequency spectrum for a given signal is displayed on the screen. Then, using 
the mouse, a user selects a point on each side of the peak to be removed. The code 
automatically finds the corresponding point in the opposite side (the not displayed part) of 
the frequency spectrum. Using these two sets of points, the one on the left and the mirrored 
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one on the right, a new set of Fourier coefficients are calculated. The Fourier coefficients 
are converted to magnitude and phase, to retain the real and imaginary parts. Then, a vector 
of new magnitude values is calculated by linearly connecting the magnitudes between the 
points on each side of the peak. This is done for both the left and right sides of the frequency 
spectrum. Then, the phase between the two points is also connected linearly, on both sides of 
the spectrum. Then the new phase and magnitude values replace the old ones between the 
two selected points, again on both the left and right hand sides. Finally, an inverse Fourier 
transform is calculated. 
3.2.2.2 An Example of Subtracting a Peak from the Frequency Spectrum 
To illustrate subtracting a peak from the frequency spectrum and to show its use, 
consider the frequency spectrum for sensor 2 on a double backflow supercharger running at 
16000 rpm with a pressure ratio of 1.8, shown in Figure 3-7. Upon examining this frequency 
spectrum, the third harmonic seems to rise higher than the descending peaks to its left. 
Harmonics such as this often radiate from the source more strongly than other harmonics so 
it would be desirable to determine the features in the signal that contribute to the harmonic. 
So, in an effort to reduce this frequency, points on either side of the peak are chosen and the 
peak is reduced. 
The dark line in Figure 3-8 represents the modified frequency spectrum. The grey 
spike is the peak that was removed from the signal. Now that a modified frequency spectrum 
exists, the inverse Fourier transform can be taken. After the inverse Fourier transform is 
taken, the modified pressure signal can be subtracted from the original pressure signal. The 
difference of the two signals is the pressure signal whose Fourier transform would produce 
only the peak subtracted from the original frequency spectrum. Figure 3-9 contains all three 
of these possibilities, the original signal, the modified signal, and the difference signal. Also 
on Figure 3-9, special markings show specific features which will be discussed. 
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Figure 3-7 Frequency spectrum for sensor 2 at 16000 rpm on a double backflow model at 
pressure ratio of 1.8, with the third harmonic marked by a circle. 
Figure 3-8 Modified frequency spectrum to lower fourth harmonic. Data is for sensor 2 
on a double backflow model at 16000 rpm and a pressure ration of 1.8. 
Figure 3-9 
29 
A plot of the original pressure at sensor 2, a modification of the pressure at 
sensor 2, and the signal of the removed peak. 
The first feature to notice in Figure 3-9 is the trace for Sensor 2, and the trace for 
Modified Sensor 2. Note the difference between these two traces by merely taking out one 
peak of the frequency spectrum. Next, notice the sinusoidal-like oscillation calculated from 
the difference in the two signals. This difference curve oscillates at the frequency that was 
subtracted from the frequency spectrum. Since the goal of removing a peak in the frequency 
domain is to find what the pressure phenomena are that cause the peak, the difference signal 
must be correlated to the original signal. 
Feature (A) in the Figure 3-9, shows three arrows that demonstrate places where there 
are obvious oscillations in the original pressure signal that coincide with the signal of the 
removed peak. Feature (B) highlights the highest point in the pressure signal, and notes that 
this peak does not line up very well with the signal from the removed peak. It would then 
follow that even if the third harmonic could be minimized through noise solutions, this would 
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have a minimal effect on the peak pressure that exits the chamber. Figure 3-7 showed that 
the fundamental frequency is the loudest tone by about 15 dB. Decreasing any other tone, or 
frequency, although, slightly useful, will have little to no affect on overall noise level 
reduction. 
3.3 Conclusions 
Through these frequency analysis tests, the next area of study was settled on. The 
frequency analysis had shown that the noise from the supercharger was indeed dominated by 
tones, and that the loudest tone is the fundamental frequency. The fundamental frequency 
was also correlated to the spike that is a result of the interaction between the lower pressure 
air and the higher pressure air mixing at the backflow slots. To reduce this spike, further 
study of the flow around the backflow slots and the exhaust port had to be done. This leads 
to Chapter 4, Backflow Flowrate Analysis. 
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4 BACKFLOW FLOWRA TE ANALYSIS 
As analysis of the supercharger proceeded, the correlation of the air-flow through the 
backflow slots to the noise level of the supercharger became increasingly clear. Therefore, 
this chapter will outline the role of the back:flow slots, derive the equation for calculating the 
mass flowrate through the backflow slots from the measured internal pressure data, and give 
some results of the estimated flowrate through the backflow slots with analysis. 
4.1 The Importance of the Flowrate through the Backflow Slots 
As discussed in chapter one, air comes into the supercharger through the inlet port, 
moves into a cavity between two successive rotors and is transported around the axis of the 
rotor to the outlet port, where the air is displaced by a rotor from the opposite side. This 
cycle repeats itself as the long as the rotors are spinning. During this time the air goes 
through a number of phases. 
The air pressure at the inlet is approximately atmospheric. As the interlocking blades 
spread apart, air from the inlet rushes into the chamber. As this air is spun around the 
supercharger to the outlet side the leading blade passes the back:flow slot, opening the 
chamber to the outlet area. At this point an important process begins. Air from the higher 
pressure outlet area begins to flow through the backflow slot into the lower pressure air in the 
chamber. This allows the pressure in the chamber to rise, approaching the pressure of the air 
in the outlet area. By the time the front blade reaches the outlet port and opens the chamber 
to the outlet area, the air pressure in the chamber will have risen considerably. In older 
models of the supercharger there was no backflow slot. For these models, the air in the 
chamber and the air in the outlet area would come directly into contact with one another as 
the blade passed the outlet port. The large difference in pressure between the two bodies of 
air would create a large dynamic pressure difference, resulting in a louder running 
supercharger. 
As previously stated, the pressure inside the chamber will rise considerably as the air 
travels through the back:flow slots. Upon examination of the data it is apparent that the 
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amount that the pressure rises during this time is dependent on the inlet to outlet pressure 
ratio and on the speed at which the rotors are spinning. To better describe the way flow 
through the backflow slots occurs an equation for the mass change in the enclosed volume 
was developed as an estimate for the flowrate. 
4.2 Mass Flowrate Derivation 
As it was necessary to understanding the flow in the vicinity of the backflow slots, an 
equation for the flowrate through the backflow slots was developed. To start, an assumption 
was made that the air inside the supercharger acts as an ideal gas. Other assumptions that are 
made will be addressed as they are encountered. The Ideal Gas Law can be written as 
(Young et. al., 1997, 129) 
P=pRT (4-1) 
where Pis absolute pressure, pis the density, R is the gas constant, and Tis the absolute 
temperature. Defining density as the mass, m, inside the enclosed volume divided by the 
volume gives the density as 
and the pressure to be 
m p=-v 
Rearranging this equation to get mass alone on the left side yields 
VP m=-. 
RT 
(4-2) 
(4-3) 
(4-4) 
To estimate the mass flowrate with respect to time, a time derivative of Equation 4-4, the 
mass inside the enclosed volume, was taken. 
dm d (VP) ----
dt dt RT 
(4-5) 
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If Equation 4-5 is applied to the enclosed volume after the chamber closes to the inlet and 
before the chamber opens to the outlet, then a constant volume can be assumed. Assuming 
that the only way for air to enter or exit the chamber is through the backflow slots then 
Equation 4-5 is assumed to be an estimate of the flowrate through the backflow slot. This 
assumes that seepage between the blades and the casing is negligible, in comparison to the 
flow through the backflow slot. With volume being constant, both V and R can be taken out 
of the derivative in Equation 4-5, giving 
Separating the derivative into derivatives of pressure and temperature yields 
dm V (dP) VP d ( 1) 
dt = RT dt + R dt T . 
To get the derivative of 1/T, the chain rule produces 
By substituting Equation 4-8 into Equation 4-7, the flowrate estimate becomes 
dm V dP VP dT ---------
dt RT dt RT2 dt . 
By factoring out V/RT, Equation 4-9 simplifies to 
dm V [dP P dT] 
dt = RT dt - T dt . 
(4-6) 
(4-7) 
(4-8) 
(4-9) 
(4-10) 
The known variables in Equation 4-10 are R, the gas constant, and V, the volume, which can 
be calculated from the supercharger geometry. The pressure, P, is known at certain points 
within the supercharger from experimental data. This data is also correlated to time, so a 
time derivative of pressure can be calculated. (The specific method for taking this time 
derivative will be discussed later.) One limitation with the current data is that the pressure is 
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not known at every point within the supercharger. To make Equation 4-10 applicable. the 
pressure is assumed to be uniform through out the chamber. 
The last variable in Equation 4-10 is the temperature, T. The test data obtained for 
the supercharger gives the temperature only at the inlet and the outlet. This creates a 
problem because without temperature data throughout the supercharger cycle, a time 
derivative can not be calculated directly. However, if the supercharger system is assumed to 
be isentropic over the period from the inlet closing to the outlet opening, then a temperature 
to pressure relationship exists to determine the temperature at each time step. 
An isentropic system is one in which no heat is lost to the surroundings. In the 
supercharger this assumption implies that during one blade passage the temperature of the 
rotors and rotor housing is not greatly affected by the air inside the chamber, during the time 
of the flow rate calculation. Although, this assumption may appear to break down over 
multiple cycles, (i.e. the casing and rotors heat up when the supercharger is running) it seems 
that for any one cycle, during the period that the flowrate equation is applied, this assumption 
is valid. Therefore, for an isentropic process the relationship between temperature and 
pressure 1s 
(4-11) 
where T0 and P0 are the original temperature and pressure, Ti and Pi are the pressure and 
temperature at any instant, i, and y is a material constant (Moran 229). By assigning the inlet 
pressure to PO and the inlet temperature to TO , the remaining unknowns are Ti and Pi. Since 
pressure is known at any instant, i, the temperature at any instant, i, is the only unknown 
remammg. Equation 4-11 is therefore rearranged to get Ti in terms of Pi, 
(4-12) 
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Since TO and PO are known from the initial conditions, a constant, k, is defined as 
k=_E_ r-1 · (4-13) 
P0 r 
Then the Equation 4-13 is substituted in Equation 4-12 yielding 
r-1 
T; = kP;r, (4-14) 
an expression for the temperature within the supercharger at any instant when the pressure is 
known. Equation 4-10 requires the time derivative of temperature, so taking the time 
derivative of Equation 4-14 yields 
!!_ T = !!_(kPr;i) = k(L=!J(p-f) df>; . 
dt ' dt ' r ' dt 
(4-15) 
Substituting Equation 4-15 into the mass flowrate estimate, Equation 4-10, then the mass 
flowrate is 
dm =~[dP _ P(r-IJkP-f dP]· 
dt RT dt T r dt 
(4-16) 
Finally, substituting Equation 4-14 into Equation 4-16, so that Ti in Equation 4-14 is the 
temperature represented by T in Equation 4-16, gives the mass flowrate estimate to be 
dm 
dt = V _ [dP -(r-IJkP (dP)]= V _ [dP -(i- lJ(dP)]· r_l_ dt r r_l_ dt r_l_ dt r dt 
RkP r kP r RkP r 
Simplifying Equation 4-1 7 provides the final form of the mass flowrate equation, 
(4-17) 
(4-18) 
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To estimate the flowrate through the backflow slots, this equation must be applied to the 
pressure data from a sensor. Sensor 3 is inside the chamber, yet still near to the exhaust port 
and backflow slots, so it was chosen as the sensor from which to calculate the flowrate. 
4.2.1 Getting Absolute Pressure 
The first pressure data received from Eaton was taken using AC coupling on the 
signal amplifiers. AC coupling automatically scales the pressure values relative to the mean 
pressure. Therefore, the data taken was not at absolute pressure, nor was it correlated to 
absolute pressure, for example gage pressure. Since the flowrate equation, Equation 4-17, 
requires the use of absolute pressure values, some correlation between the recorded pressure 
values and absolute pressure needed to be established. The chosen correlation was to assume 
the pressure at the inlet is approximately at atmospheric pressure, 101.3 kPa. 
If the pressure plot for sensor 3 is analyzed, the inlet pressure as seen by sensor 3 can 
be found. In Figure 4-1 (a) below the gray circles represent the vicinity of the pressure signal 
where the chamber is open to the inlet. It is assumed that the inverse peak pointing 
downwards, highlighted by the circles, is not representative of the air pressure at the inlet, but 
rather a result of the air moving within the supercharger. Therefore, the air pressure at the 
inlet is assumed to be the measured pressure when the signal starts to level out. This 
assumed inlet pressure value is approximated by the grey line across Figure 4-1 (a). By 
shifting the pressure data to set this grey line to atmospheric pressure, the pressure data for 
sensor 3 was set at an approximation of the absolute pressure. An example of this pressure 
shift is shown in Figure 4-1 (b ). This new pressure, assumed now to be relative to absolute 
pressure, was used to estimate the mass flowrate through the backflow slots. 
37 
4.2.2 Taking a Pressure Derivative 
A second issue that had to be addressed in calculating the flowrate using Equation 4-
18 was the calculation of the time derivative of the pressure signal. Since pressure was 
known with respect to time, a simple point-wise derivative was performed, 
dP; P;+I -P; -~-~-
dt tl+I - t, . 
( 4-19) 
However, point-wise derivatives are susceptible to noise in the signal or short time 
oscillations, making point-wise derivatives difficult for showing any trend in the flowrate. 
Figure 4-2 shows the original time signal during the period the backflow slots are open and a 
fourth order, polynomial curve-fit to this time signal. The difference between the original 
data the fourth order curve-fit shows the oscillation in the time signal that can be problematic 
for a point-wise derivative. Figure 4-2 points out some of the smaller oscillations and shows 
how a fourth order, polynomial curve-fit compares to the data. Figure 4-3 shows the point-
wise derivative of the pressure data in Figure 4-2, and includes the derivative of the fourth 
order polynomial curve-fit shown in Figure 4-2. The smaller oscillations shown in Figure 4-
2 are believed to be a result of other pressure events, such as the pulse of air rushing through 
the second backflow slot or pulses that originated at the inlet and continue to propagate 
inside the supercharger. These smaller pulses make the point-wise derivative vary greatly 
from point to point and make it difficult to recognize a trend in the derivative. 
To get a smoother representation of the derivative, so trends could be observed, a 
second approach to the pressure derivative was taken. Before taking the pressure derivative, 
the pressure data was curve-fit, using a least squares polynomial curve-fit, as in Figure 4-2. 
Then, the time derivative of the polynomial curve-fit was taken and calculated at each time 
step. By using a polynomial curve-fit, the pressure data could be modeled by a smooth 
curve. Although, this modeling technique loses the resolution of the exact pressure data, it 
does represent the general shape of the curve quite well. Since part of the motivation for 
developing an expression for the curve-fit is to develop a predictive model, this curve-fit 
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technique was deemed sufficient at this stage of development. Future work should include 
more closely defining the error involved with the curve-fit approximation. 
4.2.3 Choosing the Order for a Polynomial Curve-fit 
The primary goal in using a polynomial curve-fit to the pressure data is to get a 
smooth curve for a derivative, so trends can be noticed. Polynomials of order one through 
twenty were fit to the four different speeds and 3 different pressure ratios. From these tests 
the third, fourth, and fifth order curve-fits consistently provided the best fit across all speeds 
and pressure ratios. 
Figure 4-4 shows five different orders of curve-fits fitted to the pressure signal from 
sensor 3 in a double backflow supercharger running at 8000 rpm with a pressure ratio of 1.8. 
From Figure 4-4, the third, fourth, fifth, and seventh order fits are nearly indistinguishable. 
The fourteenth order is more obvious as it departs from the others in multiple places, but 
especially in the range from 96 degrees to 100 degrees. However, when the derivatives are 
taken, higher order curve-fits produce unsteady results that begin to approach the behavior of 
a point-wise derivative, Figure 4-5. 
20
 
10
 -C'G D.. ~o Q) , .. ::s m -10 D.. 
Fi
gu
re
 4
-1
 
16
0 
..
--
~
~
~
-'
-,
--
~
--
-'
"-
--
-,
--
--
--
--
'-
--
-.
..
..
._
__
_ _
_
 "-
-'-
--
'--
--
-. 
35
0 
(a
) 
110
 ._ 
12
0 
CU
 10
0 
.,..
_ 
D.
. 
80
 
- 60 ·40
,-
20
 0 
-2
0 
Sh
ift
 to
 A
tm
os
ph
er
ic
 P
re
ss
ur
e 
20
0 
25
0 
30
0 
A
ng
le
 (d
eg
re
es
) 
, , 
(b
) 
Pr
es
su
re
 a
ng
le
 p
lo
t f
or
 d
ou
bl
e 
ba
ck
flo
w
 su
pe
rc
ha
rg
er
, r
un
ni
ng
 a
t 4
00
0 
rp
m
 w
ith
 a
 p
re
ss
ur
e 
ra
tio
 o
f 1
.4
. 
(a
) 
C
irc
le
s 
sh
ow
 th
e 
vi
ci
ni
ty
 o
f t
he
 in
le
t p
re
ss
ur
e 
ac
tin
g 
on
 s
en
so
r 3
. 
(b
) T
he
 p
re
ss
ur
e 
re
co
rd
ed
 fo
r s
en
so
r 3
 is
 s
hi
fte
d 
to
 a
bs
ol
ut
e 
pr
es
su
re
 v
al
ue
s 
. 3
50
 
v
-)
 
\0
 
1.8
E+
05
 
1.6
E+
05
 
,n
 
ca
 
u ,n
 
ca
 
D
.. -1
.4
E+
05
 ·
 
CP
 ... ::::, ,n ,n CP ... D.. 1
.2E
+0
5 
• 
1.0
E+
05
 I 80
 
Fi
gu
re
 4
-2
 
90
 
10
0 
11
0 
An
gle
 (d
eg
ree
s) 
Th
e 
pr
es
su
re
 s
ig
na
l (
sh
ow
n 
in
 b
la
ck
) w
ith
 
sm
al
le
r o
sc
ill
at
io
ns
 g
iv
es
 a
 p
oi
nt
-w
is
e 
de
riv
at
iv
e 
w
ith
ou
t a
 c
le
ar
 tr
en
d.
 T
he
 g
ra
y 
lin
e 
is 
th
e 
fo
ur
th
 o
rd
er
 p
ol
yn
om
ia
l c
ur
ve
-f
it 
to
 th
e 
pr
es
su
re
 d
at
a.
 
12
0 
2.5
E+
08
 ,
 
CP
 
2 0
E+
08
 
>
"
 -ca > ... CP 1.5
E+
08
 
C
 CP
 ... ::::, : 1
.0E
+0
8 
CP
 ... D.. CP .!! 5
.0E
+0
7 
3::
 
I -C :_ 0.0E
+0
0 
I 
-5.
0E
+0
7 
l 80
 
Fi
gu
re
 4
-3
 
90
 
10
0 
11
0 
An
gle
 (D
eg
ree
s) 
Th
e 
po
in
t-w
is
e 
de
riv
at
iv
e 
(s
ho
w
n 
in
 b
la
ck
) f
or
 
th
e 
pr
es
su
re
 s
ig
na
l v
ar
ie
s 
an
d 
do
es
 n
ot
 s
ho
w
 a
 
cl
ea
r t
re
nd
. 
Th
e 
gr
ay
 li
ne
 ru
nn
in
g 
th
ro
ug
h 
th
e 
pl
ot
 is
 th
e 
de
riv
at
iv
e 
of
 fo
ur
th
 o
rd
er
 
po
ly
no
m
ia
l c
ur
ve
-f
it 
to
 th
e 
pr
es
su
re
 d
at
a 
as
 in
 
Fi
gu
re
 4
-2
 
12
0 
""" 0 
1.8E+05 
1.7E+05 
1.6E+05 -UI 
'ii 1.5E+05 CJ 
Ill ca 
0. - 1.4E+05 e 
::I 
Bl 1.3E+05 e a. 
1.2E+05 
1.1E+05 
1.0E+05 
80 85 
41 
Adual Pressure 
- - 3rd Order 
--4th Order 
--5th Order 
- -7th Order 
• • 14th Order 
90 95 100 105 
Angle (Degrees) 
110 115 120 
Figure 4-4 Time derivatives are plotted with respect to the angle at which they occur. 
These curves are the basis for which the flowrate is calculated. 
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Figure 4-5 Derivatives of curve-fits and the point-wise derivative of the pressure plotted 
with respect to angle. 
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4.3 Flowrate Results 
Using Equation 4-18 and the time derivative calculated from the polynomial curve-
fits to the measured pressure, an estimate of the mass flowrate through the backflow slots 
was calculated for each combination of the test conditions of rotational speed, backflow 
number, and pressure ratio. The estimated mass flowrate for several cases will be presented 
and discussed. 
4.3.1 Pressure to Flowrate 
The estimated flowrate for a double backflow supercharger with a pressure ratio of 
1.8 is shown in Figure 4-6. The flowrate is plotted with respect to angle, for one passing of 
the blade. The time when the chamber opens to the backflow slot is marked below the plot. 
When the chamber opens to the outlet at 120 degrees, the flowrate can no longer be 
calculated through the equations derived above, because the volume is no longer constant. 
From Figure 4-6, the magnitude of the flowrate is lower at 4000 rpm than any other 
speed. Note also that the flowrate rises to a peak of approximately 0.1 kg/s at 102 degrees, 
then begins to decrease even to negative flowrates. Compare the flowrate at 4000 rpm with 
the flowrate at 8000 rpm to see that the peak in the 8000 rpm curve happens close to 115 
degrees, 13 degrees later than at 4000 rpm. Still, the 8000 rpm curve, and the 4000 rpm 
curves are decreasing at 120 degrees when the chamber is opening to the backflow slots. 
Figure 4-7, which contains the pressure data used to calculate the flowrate, shows that the 
pressure at 4000 rpm is rising when the angle is between 80 and 110 degrees. At 110 degrees 
the pressure at 4000 rpm levels off but still retains some small oscillations, continuing until 
the pressure drops sharply at 165 degrees. The pressure data at 8000 rpm exhibits similar 
behavior, except it levels out at about 125 degrees instead of at 110 degrees. 
One possible explanation is that at 4000 rpm, there is enough time for the pressure in 
the chamber to be equalized with the pressure in the outlet area before opening the chamber 
to the outlet. Therefore, when the chamber is opened to the outlet, at 120 
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Figure 4-6 Estimated mass flowrate through the backflow slots for one blade passing. 
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Figure 4-7 Pressure at Sensor three for a double backflow supercharger at pressure ratio 
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degrees, there is little difference in air pressure, and no major pressure events occur. At 8000 
rpm the chamber has half as much time to equalize the pressure than at 4000 rpm. However, 
at 8000 rpm, there still is enough time to nearly equalize the chamber pressure with the 
pressure at the outlet. This explains the difference in location of the peak pressure from 110 
degrees at 4000 rpm to 125 degrees at 8000 rpm, and the peak flowrate from 102 degrees at 
4000 rpm to 115 degrees at 8000 rpm. 
Knowing the location of the peak flowrate at 4000 and 8000 rpm, one might then 
suspect that the peak flowrate at 12000 rpm would happen at an angle greater than 120 
degrees, but the chamber is already exposed to the outlet at 120 degrees. The plot for the 
flowrate at 12000 rpm, shows a peak earlier, close to 92 degrees, but then the flowrate rises 
again as the angle nears 120 degrees. One possible explanation is that at 12000 rpm the 
pressure inside the chamber does not have time to equalize with the outlet before the 
chamber is opened to the outlet. This would explain the climbing flowrate at 120 degrees, 
but would not explain the peak at 92 degrees. (The peak at 12000 rpm will be addressed in 
the next paragraph.) If at 12000 rpm the chamber does not have time to equalize in pressure 
with the outlet, then at 16000 rpm, the time would certainly be too short for pressure 
equalization. This is supported by Figure 4-7, where the pressure for 12000 rpm and 16000 
rpm data shows lower pressures at 120 degrees than the data at 4000 rpm and 8000 rpm. In 
Figure 4-7, pressure peaks that are seen at 140 degrees for 12000 rpm and 150 degrees for 
16000 rpm are most likely results of the pressure not having time to equalize at these higher 
rotational speeds. 
If the chamber pressure has not equalized with the outlet pressure for the 12000 and 
16000 rpm speeds, then one might expect the flowrates at these speeds to be constantly 
climbing, as air flows into the chamber at a faster and faster rate. This, however, is not the 
case. Instead both the 12000 rpm and 16000 rpm flowrates, show peaks in flowrate before 
reaching 120 degrees. One explanation for the peaks in flowrate in both the 12000 rpm and 
the 16000 rpm curve is the pressure oscillations that occur within the chamber. 
Recall that the equation for flowrate rests on the assumption of an equal pressure 
distribution throughout the chamber. Since the pressure is most likely not evenly distributed, 
the oscillations that affect the pressure data certainly may affect the flowrate calculation if 
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the oscillation is large enough to affect the curve fit. Both the 12000 rpm and 16000 rpm 
pressure data show a similar shape of a greater positive slope immediately after the backflow 
slots are opened, that changes to a more gradual slope at 102 and 110 degrees respectively. 
These slope changes may be a function of reflecting pulses within the supercharger, and not 
truly indicative of the flowrate. 
Still looking at Figure 4-7, note when the outlet port is opened to the chamber that the 
pressure at 4000 rpm is approximately 3000 Pa greater than at 16000 rpm. However, from 
Figure 4-6, the estimated flowrate at 16000 rpm is observed to be about three times greater 
than the estimated flowrate at 4000 rpm. The reason for this is the estimated flowrate is 
mass-flow with respect to time. The pressure rise in the 4000 rpm test is about 20 kPa 
greater than in the 16000 rpm test, but at 16000 rpm this rise in pressure happens in one 
fourth the time that it does at 4000 rpm. Therefore in section 4.3.2 an estimate of the total 
mass to flow through the backflow slots during the period over which the flowrate is 
calculated is used to compare the performance of the backflow slots at the different speeds. 
4.3.2 Total Mass Flow 
The total mass flow for a given flowrate is calculated by approximating the time 
integral of the flowrate with the summation, 
N 
Mass = L f, * ts . 
i=l 
(4-20) 
Mass refers to the estimated total mass during one blade passing, from opening to the 
backflow slot(s) to opening to the outlet. The quantity~ refers to the flowrate at the ith 
sample, and ts denotes the time step at which the data was sampled. N is the total number of 
samples. Using this approximated flowrate one can compare the total amount of mass that is 
allowed to pass through the backflow slots at each condition. 
Returning to the discussion of the previous section on the total mass to flow through 
the backflow slots, consider the data for a double backflow supercharger at a pressure ratio of 
1.8 in Figure 4-8. The speed at which the most mass flows through the backflow slots is 
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8000 rpm, closely followed by 4000 rpm. The previous section suggested the pressure does 
not have time to equalize at 12000 rpm and at 16000 rpm. From this explanation, the total 
mass flow would be expected to be similar at both 4000 rpm and 8000 rpm, since both of 
these speeds allow pressure equalization. Then, 12000 rpm and 16000 rpm should have 
increasingly smaller amounts of total mass flow. Figure 4-8 supports the explanation except 
that at the total mass flow is greater at 16000 rpm than at 12000 rpm. Considering that the 
total mass flow is an approximation (Equation 4-20) based on an estimated flowrate, the total 
mass flow indicated in Figure 4-8 lend some credibility to the theory described above. Still 
further testing in this area must be done to make conclusive statements. 
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Figure 4-8 Total mass passing through the backflow slots during one passing of the 
blade, from opening to the backflow slots to opening to the outlet port. Data 
is for a double backflow supercharger with a pressure ratio of 1.8 and a single 
backflow supercharger at a pressure ratio of 1.4. 
Now, return to Figure 4-8 and observe the data for the single backflow supercharger 
at a pressure ratio of 1.4. Here, the total mass flow decreases successively from 4000 to 8000 
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rpm and from 8000 to 12000 rpm. However, as with the double backflow supercharger at a 
pressure ratio of 1.8, the total mass flow for 16000 rpm is higher than at 12000 rpm. 
Comparing the total mass flow for the two different cases, a few trends can be observed. 
First, the total mass flow at 4000 rpm and 8000 rpm are similar in magnitude. Second, the 
total mass flow at 12000 rpm is lower than the total mass flow at both 4000 and 8000 rpm. 
Third, the total mass flow at 16000 rpm is higher than that at 12000 rpm. More work will 
need to be done to determine if these trends accurately reflect the data and, if they do, to 
correlate them to the correct physical phenomena. 
Still, the total mass flow gives one more way to quantify the flow in the supercharger. 
Applying this tool to other conditions can help to understand the benefits of faster rotational 
speeds and the interaction between rotational speed and pressure ratio. 
4. 3. 3 The Effect of Pressure Ratio 
The pressure ratio between the inlet and the outlet is controlled by a bypass valve. If 
the valve is all the way open then the pressure ratio is minimal, nearly 1. As the bypass valve 
is closed the pressure ratio increases. Presently, the examined test data is for pressure ratios 
of minimum (close to 1.0), 1.4 and 1.8, but Eaton would like to run the supercharger at 
pressure ratios of 2.0 to 3.0 because this would bring increased engine performance. 
However, when the supercharger reaches pressure ratios of 2.0 or greater Eaton reports the 
sound levels greatly exceed the tolerable levels. 
The pressure ratio is especially important to flowrate because the pressure ratio 
determines how much of a pressure difference needs to be equalized when the backflow slots 
open. Before the backflow slots are opened to the chamber, the air pressure inside the 
chamber is approximately the same as the inlet pressure, and the air on the opposite side of 
the backflow slots is approximately the same as the outlet pressure, so the difference between 
the two is approximately the pressure ratio. When the chamber is opened to the backflow 
slots, the instantaneous pressure difference between the two is approximately twice as high 
for a 1.8 pressure ratio as for a 1.4 pressure ratio. A greater pressure difference means the air 
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rushing through the backflow slots into the chamber flows faster than at a smaller pressure 
difference. 
Figure 4-9 shows the flowrate for 8000 rpm at all three pressure ratios for both the 
single backflow and double backflow supercharger. In Figure 4-9, the set of curves for 
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Estimated mass flowrate is compared for different pressure ratios and 
backflow slot numbers at a angular speed of 8000 rpm. 
120 
each pressure ratio are distinguishable from the curves for other pressure ratios. The solid 
lines are at the highest flowrates and they correspond to the highest pressure ratio, 1.8. The 
short-dashed curves are lower than the 1.8 pressure ratio curves, but still higher than the 
minimum pressure ratio curves. At minimum pressure ratio, the two curves are quite close to 
a zero flowrate. This is reasonable because at minimum boost, the pressure in the chamber 
and at the exhaust port would be nearly the same, so little air needs to flow through the 
backflow slots. The most probable cause for flow at minimum pressure ratio is the 
displacement of air created by the spinning rotors. 
Figure 4-9 also indicates that the pressure ratio makes a greater difference on the 
amplitude of the flowrate than the number of backflow slots does. Still, at the pressure ratios 
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1.4 and 1.8, the flowrate curves for the double backflow slot supercharger are consistently 
greater than the comparable flowrate curves for the single backflow slot supercharger. This 
indicates that the number of backflow slots has some impact on the flowrate. Two specific 
differences between single and backflow slots are believed to be the primary causes for the 
impact on flowrate. 
First, the two slots on a double backflow supercharger have a greater combined area 
than the one slot on a single backflow supercharger, giving air more room to flow through on 
the double backflow slot supercharger. Second, due to the placement of the double backflow 
slots and placement of the single backflow slot, the chamber opens to the first of the double 
backflow slots (about three degrees) before it opens up to the slot on the single backflow slot 
supercharger. By allowing air to begin to enter the chamber earlier, the double backflow slot 
placement also affects the flowrate. These two differences, the area of the backflow slots and 
the angle at which the chamber is first opened, also play key roles in the flowrate through the 
backflow slots and in the amount of mass flow through the backflow slots. 
Another way to compare the pressure ratio's affect on flowrate is to observe the total 
mass flow. Figure 4-10 shows the total mass flow for the flowrates shown in Figure 4-9. 
Here, it is clear that at pressure ratios 1.4 and 1.8, the double backflow slots allow 
considerably more mass (about 40% more) to pass into the chamber than does the single 
backflow slot. Also, comparing pressure ratios 1.4 and 1.8 at 8000 rpm shows that roughly 
70% more mass passes through the backflow slots at a pressure ratio of 1.8 than at a pressure 
ratio of 1.4. This is not readily apparent from the Figure 4-9, but from Figure 4-10, it is 
clear. 
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Figure 4-10 Estimated total mass flow through the backflow slots per blade passing for 
pressure ratios of minimum, 1.4, and 1.8 at a rotational speed of 8000 rpm. 
4. 3. 4 Continued Flowrate Study 
The estimated mass flowrate both provides a more extensive understanding of the 
flow through the supercharger and reveals new flow issues to research. To confirm or 
discard the explanations presented above, more data would be helpful if not necessary. The 
next steps in the flowrate study include further study of curve fits, obtaining data for other 
speeds and pressure ratios, and developing error estimates for the flowrate and total mass 
flow computations. The flowrate analysis already serves as foundation for this work. 
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5 EMPIRICAL MODELS 
A predictive model is an important tool for supercharger design. One method of 
producing a model is to use a computational fluid dynamics (CFO) analysis of the 
supercharger. The strength of a CFD analysis is that it is based on first principles. Every 
possible phenomenon causing event is included in a CFD problem formulation. One 
weakness of the CFD analysis is, because it accounts for every phenomenon, it is extremely 
time consuming to develop and to run. An additional weakness is that numerical 
approximation may control the results. If certain design parameters such as backflow slots 
size or position are modified then the code must be rerun for the new parameters. If a 
simpler model of the supercharger could be developed, it would be a valuable design asset, 
saving time and money and could potentially be more accurate than a CFD model. 
One way to develop a simpler model is to identify different phenomena in the 
pressure signal and only include the key phenomena in the model. By only including key 
phenomena the model would be streamlined and therefore results could be calculated much 
more quickly. Although such a model would not be as exhaustive as a CFD model, it could 
be used to quickly examine parameters and direct other more time consuming research to the 
optimal range of a solution. 
To ensure the model represents the actual workings of the supercharger, the model 
would be created from empirical data. Figure 5-1 shows typical pressure data from a double 
backflow supercharger with a pressure ratio of 1.8 over the course of one blade passing. 
Figure 5-2 presents one such possible model. 
The dark black line in Figure 5-2 represents the basic pressure level inside the 
supercharger at sensor 3. There are three basic sections to this general pressure curve. First 
is the section where there is a small increase that is believed to be due to rotation and/or air 
leakage between the rotor and the housing. The second section has the greatest slope and 
represents the pressure increase due to flow through the backflow slots. The third section has 
a nearly constant pressure value as the sensor is exposed to the pressure at the outlet. Each of 
these sections would be modeled individually. The flow through the backflow slots, for 
example, could be modeled using data discussed in Chapter 4. 
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The model in Figure 5-2 includes a number of pulses that are generated over the 
supercharger's blade rotation cycle. Each of these pulses would be individually modeled 
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and added to the general pressure curve. The period and amplitude of the pulses would likely 
change based other supercharger parameters such as rotational speed, pressure ratio, and 
backflow slot area. 
The rest of this chapter will specifically consider the flow through the backflow slots 
and develop a preliminary model for the pressure during the time when the chamber is open 
to the backflow slots but not open to the outlet port. In Figure 5-2 this is the area noted as 
"Flow through Backflow Slots". Also, this chapter will consider how this modeled pressure 
could be used to predict the mass flowrate through the backflow slots. 
5.1 Flowrate Prediction 
Chapter 3 showed the importance of the dynamic pressure profile at the outlet to the 
sound produced by the supercharger. Chapter 4 discussed the flowrate through the backflow 
slots and how the backflow flowrate impacts the dynamic pressure profile at the outlet. It 
follows, then, that an important design tool is a predictive model for the flowrate through the 
backflow slots, allowing supercharger developers to predict the flowrate when design 
parameters are changed. This model would ideally be a function of multiple supercharger 
parameters such as rotational speed, pressure ratio, backflow slot area, the volume of the 
chamber, and other parameters. Some of these parameters would have interaction with each 
other. Backflow slot area, for example, could be correlated to time or angle because the 
chamber is not exposed to the whole area instantaneously but rather is exposed as the blade 
rotates past the backflow slots. Depending on the shape of the backflow slots, the rotational 
speed, and the position of the backflow slots, the area open to the backflow slots could 
change at different rates. Due to the complexity of all these parameters, only two of them 
will be considered in the model developed in this chapter: position (with respect to time and 
angle) and rotational speed. 
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5.2 Choosing Parameters 
In Chapter 4 the flowrate was calculated using a curve-fit. To generate a flowrate 
model using the flowrate calculation method presented in Chapter 4, all the data needed to be 
curve-fit. Selecting which order of polynomial curve-fit to use was the first step to creating 
this model. To find what order of curve-fit best represented the data, each set of data was 
curve-fit using orders two through twenty. Then these curve-fits at multiple orders where 
compared to the empirical data, 
1 N 
s = N fr (Pmeasured - pcurve-fit r (5-1) 
where, E is the error for a data set, P measured is the measured pressure at the ith sample, P curve-fit 
is the pressure calculated from the curve fit for the ith sample, and N is the number of 
samples taken in the region to which the curve-fit is applied (approximately 80 degrees to 
120 degrees). Averaging the error for the 4000 rpm, 8000 rpm, 12000 rpm, and 16000 rpm 
cases generated an approximate average error for each pressure ratio and both single and 
double backflow slots as shown in Figure 5-3. 
Figure 5-3 shows that the curve-fits of orders three through six consistently produce 
the lowest errors, implying that these orders of curve fits are the best approximation of the 
data. Among orders three through six, orders four and five show all combinations of 
backflow slots and pressure ratios to have average errors of less than 1500 Pascals. 
Considering that the pressure values are on the order of 100000 Pascals, 1500 Pascals is an 
error of 1.5%. In terms of correlation to the data, choosing between the fourth and fifth order 
seems to make no significant difference. Knowing, however, that the fifth order polynomial 
will have six coefficients and the fourth only five coefficients, the fourth order was chosen to 
save computational time. 
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Figure 5 .. 3 The averaged error for polynomial curve-fits of first through twentieth order 
are averaged for each combination of pressure ratio (minimum, 1.4, and 1.8) 
and number ofbackflow slots (single backflow and double backflow) and 
plotted in this figure. In the legend, "sbf' represents "single backflow", ''dbf' 
represents "double backflow", and "min", "1.4', and "1.8" represent the 
pressure ratio. 
5.3 Curve Fitting Across Rotational Speed 
As stated above, the intent that drove the research described in this chapter is finding 
a predictive model for the flowrate. Since the calculation for the flowrate is based primarily 
on the pressure in the supercharger, the initial focus was placed on modeling the pressure in 
the supercharger. From a predictive pressure model a predictive flowrate model can be 
calculated. In an effort then to characterize the pressure data for a predictive model, a curve-
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fit was developed across rotational speed for a given pressure ratio and supercharger model 
(either single or double backflow). 
In Chapter 4, the pressure was curve-fit across time for a given speed and pressure 
ratio to find a derivative. However, curve-fits across time have different time scales for every 
speed, so they are not best for comparing different speeds. To compare the data at multiple 
speeds, a curve-fit of pressure across angle should be taken for each speed. Then, for a given 
pressure ratio, the coefficients generated by the curve-fit across angle can be curve-fit across 
rotational speed. (All curve-fits used in this study were least-square polynomial curve-fits.) 
Consider, for example, a double backflow supercharger at a pressure ratio of 1.8, 
Figure 5-2. First, the pressure data was curve-fit across angle for all four speeds, 4000 rpm, 
8000 rpm, 12000 rpm, and 16000 rpm, generating a set of curve-fit coefficients for each of 
these four speeds. Then these four sets of coefficients were curve-fit across rotational speed, 
generating a new set of curve-fit coefficients. This new set of coefficients was then used to 
generate polynomial coefficients for calculating the pressure at any desired speed within the 
data range (here it is between 4000 rpm and 16000 rpm). 
Because the pressure data obtained from Eaton was only for four rotational speeds, 
the curve-fit order for the data could not exceed a third order curve-fit. (The nature of a least 
squares polynomial curve fit gives the highest order that can be fit to be the number of data 
points minus one.) However, if it is assumed that when the supercharger is stopped 
(rotational speed of zero rpm) the pressure is atmospheric (101.3 kPa) then one more set of 
data points exists. Using this fifth "set of data" allows a fourth order curve fit be applied to 
the coefficient curve-fit. 
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Figure 5-2 Predicted pressure between 80 and 120 degrees plotted with respect to angle 
and rotational speed for a double backflow supercharger with a pressure ratio 
of 1.8. The heavy black lines on the plot are samples from the measured 
pressure data at 4000 rpm, 8000 rpm, 12000 rpm, and 16000 rpm. 
Figure 5-2 shows the predicted pressure across angles from 80 to 120 degrees and 
across speeds from 0 rpm to 16000 rpm. The heavy black lines on the plot show samples of 
the measured pressure at 4000 rpm, 8000 rpm, 12000 rpm and 16000 rpm and how they 
compare to the prediction. The model indicates that for the double backflow supercharger, 
between the angles of 80 and 120 degrees the greatest pressure rise is seen at a rotational 
speed of approximately 6400 rpm, indicating 6400 rpm as a speed when the phenomena 
allow the supercharger to function most efficiently. The model also shows the how the 
measured pressure, especially at 12000 rpm and 16000 rpm, oscillates above and below the 
predicted model. Due to the curve-fit, these oscillations are not accounted for in the model. 
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More work is needed to be certain of the cause of these oscillations and then to apply them to 
the model. 
5.3.1 More Work Needed 
Further data is necessary to test the prediction shown in Figure 5-2. Pressure data at 
every 1000 rpm would be helpful to test this prediction, as other phenomena may dominate 
the pressure in the supercharger at speeds between the given ones at 4000 rpm, 8000 rpm, 
12000 rpm, and 16000 rpm. Also, the prediction above is based on one specific sample from 
each data set. In future analysis, a sort of average pressure in the 80 to 120 degree range 
could be calculated across multiple cycles so the curve-fit was based on multiple cycles 
instead of just a single cycle from each test condition. 
5.3.2 Equationfor Predictive Pressure Model 
The equation used to calculate the pressure in Figure 5-2 can be written in terms of 
angle, 0, and rotational speed, co, as follows 
P(6,ro) = [(2.64E-17)ro4 +(-1.07E-12)ro3 +(l.31E-08)ro2 +(-4.92E-05)ro + DJ*~ 
[(-1.03E-14)ro4 +(4.16E-10)ro3 +(-5.07E-06)ro2 +(1.90E-02)ro + 0]*63 + 
[(l.51E-12)ro4 +(-6.03E-08)ro3 +(7.29E-04)ro2 +(-2.71E+oO)ro + 0]*62 + 
[(-9.76E-ll)ro4 +(3.86E-06)ro3 +(-4.63E-02)ro2 +(1.70E+o2)ro + 0]*6 + 
[(2.36E-09)ro 4 +(-9.24E-05)ro3 +(l.lOE+oO)ro2 +(-3.98E+o3)ro + OJ +P atm 
when O ::: ro ::: 16000 rpm 
and 80::: 6::: 120 degrees 
(5-1) 
Equation 5-1 specifically applies to a single backflow supercharger with a pressure ratio of 
1.8. Patm refers to atmospheric pressure, because the curve-fits, in this case where calculated 
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when the pressure was given relative to atmospheric pressure. By applying atmospheric 
pressure, P(a,ro) is given as absolute pressure. 
In a like manner, the coefficients for the pressure at the other conditions of pressure 
ratio and back:flow slot number can also be calculated. For a general form of equation 5-1 
the coefficients within equation 5-1 can be labeled in a matrix notation such that equation 5-1 
becomes: 
P(O,ro) = [(Cu)ro4 +( C12)ro3 +( Cu)ro2 +( C14)ro + C1s]*84 + 
[(C21)ro4 +( C22)ro3 +( C23)ro2 +( C24)ro + C2s]*83 + 
[(C31)ro4 +( C32)ro3 +( C33)ro2 +( C34)ro + C3s]*82+ 
[(C41)ro4 +( C42)ro3 +( C43)ro2 +( C44)ro + C4s]*8 + 
[(Cs1)ro4 +( Cs2)ro3 +( C53)ro2 +( C54)ro + Css]+Patm 
when 0 S ro S 16000 rpm 
and 80 S 8 S 120 degrees (5-2) 
Using this notation the other coefficient values are shown below in Tables 5.1 through Table 
5.5. Each table is considered to be the matrix, C, whose values are the coefficients to 
equation 5-2. Data is shown for a double back:flow supercharger with pressure ratios of 1.4 
and 1.8, and for a single back:flow supercharger with pressure ratios of min, 1.4, and 1.8. 
(Insufficient data was available to calculate the coefficients for the double back:flow at a 
minimum pressure ratio.) To help follow the notation, Table 5.1 shows the same coefficients 
that are in equation 5-1 above. Using the data presented in the following tables, the pressure 
can be approximately predicted for the single backflow supercharger at pressure ratios of 
min, 1.4, and 1.8 and for the double back:flow supercharger at pressure ratios of 1.4 and 1.8. 
Cmn 
m=1 
m=2 
m=3 
m=4 
m=5 
Table 5-1 
n=1 n=2 n=3 n=4 n=5 
2.64E-17 -1.07E-12 1.31E-08 -4.92E-05 0 
-1.03E-14 4.16E-10 -5.07E-06 1.90E-02 0 
1.51E-12 -6.03E-08 7.29E-04 -2.71E+00 0 
-9.76E-11 3.86E-06 -4.63E-02 1.70E+02 0 
2.36E-09 -9.24E-05 1.10E+00 -3.98E+03 0 
Curve-fit coefficients for the single backflow supercharger at pressure ratio of 
1.8, used to calculate as in equation 5-2 
Cmn 
m=1 
m=2 
m=3 
m=4 
m=5 
Table 5-2 
Cmn 
m=1 
m=2 
m=3 
m=4 
m=5 
Table 5-3 
Cmn 
m=1 
m=2 
m=3 
m=4 
m=5 
Table 5-4 
Cmn 
m=1 
m=2 
m=3 
m=4 
m=5 
Table 5-5 
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n=1 n=2 n=3 n=4 n=5 
1.28E-17 -5.41E-13 7.05E-09 -2.91E-05 0 
-4.91E-15 2.07E-10 -2.68E-06 1.10E-02 0 
7.0BE-13 -2.95E-08 3.B0E-04 -1.55E+00 0 
-4.56E-11 1.87E-06 -2.38E-02 9.58E+01 0 
1.11E-09 -4.47E-05 5.59E-01 -2.21E+03 0 
Curve-fit coefficients for the single backflow supercharger at pressure ratio of 
1.4, used to calculate pressure as in equation 5-2 
n=1 n=2 n=3 n=4 n=5 
-6.63E-18 1.92E-13 -1.64E-09 3.98E-06 0 
2.26E-15 -6.64E-11 5.79E-07 -1.42E-03 0 
-2.76E-13 8.27E-09 -7.38E-05 1.83E-01 0 
1.40E-11 -4.34E-07 4.01E-03 -1.02E+01 0 
-2.42E-10 7.94E-06 -7.78E-02 2.02E+02 0 
Curve-fit coefficients for the single backflow supercharger at minimum 
pressure ratio, used to calculate pressure as in equation 5-2 
n=1 n=2 n=3 n=4 n=5 
-2.30E-17 2.90E-13 2.89E-09 -3.34E-05 0 
1.17E-14 -2.11E-10 -3.22E-08 9.14E-03 0 
-2.09E-12 4.45E-08 -1.52E-04 -7.64E-01 0 
1.57E-10 -3.69E-06 1.93E-02 1.42E+01 0 
-4.25E-09 1.07E-04 -6.77E-01 4.49E+02 0 
Curve-fit coefficients for the double backflow supercharger at a pressure ratio 
of 1.8, used to calculate pressure as in equation 5-2 
n=1 n=2 n=3 n=4 n=5 
-1.71E-19 -2.31 E-13 4.93E-09 -2.23E-05 0 
1.42E-15 4.04E-11 -1.34E-06 6.53E-03 0 
-3.89E-13 9.59E-10 1.14E-04 -6.41E-01 0 
3.53E-11 -4.61E-07 -2.52E-03 2.26E+01 0 
-1.06E-09 1.96E-05 -4.53E-02 -1.28E+02 0 
Curve-fit coefficients for the double backflow supercharger at a pressure ratio 
of 1.4, used to calculate pressure as in equation 5-2 
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5.4 Applying the Pressure Model to Predict Flowrate 
A predictive flowrate model can be computed from the predictive pressure model. 
The predictive pressure model gives an estimate of the derivative of pressure with respect to 
angle for any speed between O rpm and 16000 rpm. A time derivative of pressure (dP/dt) is 
needed to calculate the flowrate and can be found from the derivative of pressure with 
respect to angle (dP/d0) through Equation 5-3: 
dP = (dP)(d0) dt dB dt (5-3) 
Since the predictive pressure model gives pressure (P) with respect to angle (0), the 
derivative of pressure with respect to angle is easily calculated. The derivative of angle with 
respect to time is the rotational speed. Once the pressure with respect to time and the 
derivative of pressure with respect to time are known, only one more unknown remains to 
calculate the flowrate: initial temperature. If some reasonable value, such as 101.3 k.Pa (gage 
pressure), is assumed for all cases, a predictive model of the flowrate can be generated as in 
Figure 5-3. 
Figure 5-3 shows a predicted flowrate estimate calculated from the predicted pressure 
model in Figure 5-2. The predicted flowrate model shows that the flowrate peaks around 
9600 rpm, at an angle close to 120 degrees, feature (A), and again at 16000 rpm at an angle 
closer to 104 degrees, feature (B). The peak at 9600 rpm is important because the flowrate 
around the peak is quite steady instead of ramping up sharply like the peak flowrate at 16000 
rpm. Also, the peak at 9600 rpm is at 120 degrees, right before the chamber is opened to the 
outlet port, indicating a smooth and steady rise in the flowrate. The peak at 16000 rpm and 
104 degrees appears to be a pulse of air causing an increase in the flowrate, rather than a 
smooth, steady increase as at 9600 rpm. 
Figure 5-4 is the time integration, approximated by a sum as in Equation 4-20, of the 
predicted flowrate at each predicted rotational speed to give a predicted total mass flow. The 
predicted total mass flow indicates that at just less than 8000 rpm, the most mass passes 
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Figure 5-3 Predicted flowrate estimate for a double backflow supercharger at a pressure 
ratio of 1.8. 
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Figure 5-4 Predicted total mass flow per blade passing for a double back.flow 
supercharger at a pressure ratio of 1.8. 
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5.5 More Work Needed 
Even with the predictive work that has been done so far, much work remains. Data 
needs to be taken at more speeds to validate, invalidate, or improve the results presented 
above. Continued work would attempt to find correlation between the flowrate and the 
backflow slot area, the chamber volume, the pressure ratio. Another feature that could 
eventually be added to this model would be some sort of oscillation. When the data is curve 
fit, the smaller oscillations are removed. If, in fact, these oscillations are a predictable 
feature, then they could be added into the pressure model and influence the flowrate through 
that. Future study could also examine other orders of curve-fits. If data at more speeds is 
known, the order of the curve-fit across speed could be fit to a higher order curve-fit. The 
work that has been done so far serves as a foundation for future analysis, laying a ground-
work on which to build. 
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6 CONCLUSIONS 
6.1 Summary 
In summary, four specific tools have been created for supercharger design engineers. 
Their basic functions are as follows. 
Visualization tools of an animation and pressure plotting schemes enable an engineer 
to get a big picture view of how the pressure fluctuates as it interacts with the inlet, the 
rotors, the back.flow slot and the outlet port. A preliminary understanding of this interaction 
is necessary for directing more in-depth research. 
The frequency analysis tools allow the noise created by the airflow through the 
supercharger to be quantified in the frequency domain. Also, these tools allow specific 
frequencies to be associated with the specific pressure phenomenon that cause them. This 
correlation between the pressure phenomena and noise they create allows the engineer to 
identify specific noise producing pressure events. Identification of the noise producing 
events is a first step to quieting the supercharger. 
The flowrate calculation gives an estimate of the mass flowrate through the back.flow 
slots when pressure data inside the chamber is known. Flowrate analysis provides a way to 
test if enough air moves through the back.flow slots to equalize the chamber pressure to the 
pressure in the outlet area. Using flowrate estimates, the total mass flow through the 
back.flow slots per cycle can be estimated and compared. Also, the flowrate calculation can 
be applied to multiple data sets to create an empirical model of the flowrate for multiple 
speeds and conditions. 
The empirical model presented in chapter 5 is the beginning of a phenomena based 
model. The preliminary model predicts the pressure based on rotor angle and the rotational 
speed of the supercharger. More work on this model needs to be done to correlate the 
pressure to other parameters such as pressure ratio, back.flow slot area, and transport volume. 
The work done so far provides a starting point for future work. 
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6.2 Future Work 
There are numerous areas for future work on this supercharger project. Important 
future directions of research include researching error limits and confidence intervals on the 
curve-fits, calculating error limits on the flowrate equations presented in Chapter 4, taking 
empirical data at additional speeds and pressure ratios to test the pressure models developed 
in Chapter 5, and developing new tests to focus on the design of specific components within 
the supercharger. 
The next step in the research on this supercharger is to test the model created in 
Chapter 5. More test data at speeds in between the already tested speeds ( of 4000 rpm, 8000 
rpm, 12000 rpm, and 16000 rpm) is needed. This data could confirm the existing model, be 
used to refine the existing model, or be used to create a new model if the existing one is 
proved errant. In addition to data at more rotational speeds, data at multiple pressure ratios 
would also be useful. Data at pressure ratios in between the min, 1.4 and 1.8 would allow the 
model to also incorporate pressure ratio as a parameter also. Because the model is based on 
data taken from the Sensor 3 on the existing tests, it would be ideal to have data again from 
that same location. 
Another next step in the research is to take the existing model and begin to fit it to 
pressure ratio. Using the data at pressure ratios of min, 1.4 and 1.8, the data could be fit in a 
linear fashion. Although this fit would lack resolution it would be a start. Beyond fitting the 
pressure ratio, continued work would try to find the relationship of pressure and flowrate to 
the backflow slot area and the transport volume. 
More studies could also be done on the interaction between the rotor blades and the 
inlet and outlet geometry. One way to do this would be to develop a component test stand, 
where, for example, only the interaction between the rotors and the inlet would be tested. 
This test stand might include rotors made of plastic instead of metal and then a plate with a 
hole shaped like the inlet. By spinning the rotors and running test measurements, one could 
isolate and then study the pressure pulses generated by the rotors interacting with the inlet 
geometry. Also, different shapes and sized of inlet geometry could be tested for its 
interaction with the blades by replacing the plate which has the inlet hole in it. Replacing 
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this plate would save time and money over trying to make multiple superchargers with 
different inlet geometry. The information gathered through a component test stand, although 
not complete in itself, could be applied to the design process, to make the interaction between 
the supercharger's parts more efficient. 
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